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Studies of exciton and hole stabilization in multichromophoric systems underpin our understanding
of electron transfer and transport in materials and biomolecules. The simplest model systems are
dimeric, and recently we compared the gas-phase spectroscopy and dynamics of van der Waals dimers
of fluorene, 9-methylfluorene (MF), and 9,9′-dimethylfluorene (F1) to assess how sterically controlled
facial encumbrance modulates the dynamics of excimer formation and charge resonance stabilization
(CRS). Dimers of fluorene and MF show only excimer emission upon electronic excitation, and
significant CRS as evidenced in a reduced ionization potential for the dimer relative the monomer. By
contrast, the dimer of F1 shows no excimeric emission, rather structured emission from the locally
excited state of a tilted (non pi-stacked) dimer, evidencing the importance of C–H/pi interactions and
increased steric constraints that restrict a cofacial approach. In this work, we report our full results on
van der Waals clusters of F1, using a combination of theory and experiments that include laser-induced
fluorescence, mass-selected two-color resonant two-photon ionization spectroscopy, and two-color
appearance potential measurements. We use the latter to derive the binding energies of the F1 dimer in
ground, excited, and cation radical states. Our results are compared with van der Waals and covalently
linked clusters of fluorene to assess both the relative strength of pi-stacking and C–H/pi interactions
in polyaromatic assemblies and the role of pi-stacking in excimer formation and CRS. Published by
AIP Publishing. https://doi.org/10.1063/1.5044648
I. INTRODUCTION
Multichromophoric assemblies have applications in areas
from biochemistry to functional polymeric materials, and crit-
ically important in these assemblies are the fundamental pro-
cesses of excimer and exciton formation and transport and
charge resonance stabilization (CRS) or hole delocalization.
For example, recent work has suggested that excimer for-
mation is a trap state which hinders endothermic singlet fis-
sion.1 Thus, studies of these processes in model compounds
continue to be aggressively pursued, by experiment and the-
ory.2–5 For this purpose, we have utilized a set of model
polyfluorenes covalently linked at the 9-position (denoted Fn;
n = 1-6),6–9 which adopt a stacked (slipped) cofacial struc-
ture in the gas, liquid, and solid states.10 Recently, excimer
formation and CRS in the covalently linked F2 dimer was
compared with the van der Waals dimer of fluorene, (F)2.11
The measured ionization potentials (IPs) are identical; how-
ever, while both systems display solely excimeric emission
and a lengthened fluorescence lifetime in comparison with
the monomeric model, the excimeric state is stabilized (by
a)Present address: Department of Chemistry, University of Massachusetts,
Boston, Massachusetts, USA
b)Deceased.
c)Author to whom correspondence should be addressed: scott.reid@
marquette.edu
roughly∼30 kJ/mol) in F2 (Fig. S1 of the supplementary mate-
rial). Supported by theory, this work demonstrated that optimal
stabilization of an excimer requires a perfect sandwich-like
geometry with maximal overlap, while geometrical require-
ments for hole stabilization in pi-stacked aggregates are
relaxed.11,12
The size evolution of charge resonance stabilization in
the Fn series, again compared with van der Waals clusters of
fluorene [i.e., (F)n with n = 1-6], was examined using mass-
selected ion-yield (IY) and photoelectron spectroscopy.13 Both
systems show a 1/n dependence of the gas-phase ionization
potentials in the measured size range, reflecting the size evo-
lution of hole delocalization.14 Importantly, the 1/n curves
for (F)n and Fn fall essentially on the same line. Theoretical
predictions using the benchmarked density functional the-
ory (DFT) method reproduce this effect only for displaced,
pi-stacked van der Waals structures. Thus, this work empha-
sized the importance of pi-stacking for efficient CRS as well as
the relaxed geometrical requirement, i.e., not requiring a per-
fect sandwich-like configuration, for hole stabilization within
pi-stacked structures.
We have recently extended this comparison to the van
der Waals dimer of F1 (i.e., 9,9′-dimethylfluorene), in work
that further demonstrated the importance of sandwich-like
pi-stacking for efficient excimer formation.15 In contrast to
(F)2 and (covalently linked) F2, the van der Waals dimer
of F1, i.e., (F1)2, shows narrow features in its excitation
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spectrum, and no evidence of excimeric emission, as the mea-
sured fluorescence lifetime is similar to that of the monomer.
Hole-burning spectroscopy confirmed that only one conformer
contributed to the experimental spectrum,15 and analysis of
the torsional structure in dispersed fluorescence (DF) spec-
tra showed that emission originated from the locally excited
state of a tilted (non pi-stacked) dimer, reflecting the increased
importance of C–H/pi interactions in the dimethyl substituted
system, where increased steric hindrance prevents a co-facial
approach and thus hinders the formation of sandwich-type
structures.
In this article, we present our complete results of the
(F1)n clusters, which are compared with van der Waals
and covalently linked clusters of fluorene. The structures of
these clusters evidence the increased importance of C–H/pi
interactions—indeed, two-color appearance potential (2CAP)
measurements of the ground state binding energy (BE) show
that the non-pi-stacked F1 dimer, (F1)2, is more strongly
bound then pi-stacked (F)2. However, the influence of steric
constraints enforced by methyl substitution has dramatic con-
sequences for hole stabilization.15 While IPs of (F1)n clusters
follow a linear trend with 1/n, both the slope and intercept of
the best-fit line evidence reduced CRS in comparison with van
der Waals or covalently linked fluorene clusters. Consistent
with this finding, the relative F1 dimer cation radical stabi-
lization is decreased by some 50% in comparison with (F)2.
Our experimental results are compared with the predictions
of previously benchmarked density functional theory (DFT)
methods.
II. METHODS AND MATERIALS
The experimental strategies used in these experiments
have been described in detail.16,17 Brief descriptions are pro-
vided here. Resonant 2-photon ionization (R2PI)18 experi-
ments were conducted in a linear 1 m time-of-flight mass
spectrometer (TOFMS), equipped with a heated supersonic
molecular beam source. Mass-selected excitation spectra were
obtained using a one-color R2PI scheme (i.e., 1CR2PI), using
the frequency doubled output of a Nd:YAG pumped dye laser.
Ions were extracted and accelerated using a three-electrode
stack, and they flew a distance of 1 m prior to striking a
dual chevron microchannel plate detector. The detector signal
was amplified, viewed, and recorded using a 100 Ms/s digital
storage oscilloscope. Figure S2 of the supplementary material
shows a mass spectrum under conditions optimized for cluster
formation; (F1)n clusters up to n = 11 are observed.
Ion yield (IY) and two-color appearance potential (2CAP)
measurements employed two-color excitation, where a second
tunable frequency doubled dye laser system was introduced
for ionization, with the timing of the two lasers controlled by a
digital pulse/delay generator (BNC Nucleonics). Spectra were
obtained by monitoring signal in the dimer (IY) or monomer
(2CAP) mass channel while scanning the ionizing laser; typi-
cally 20 laser shots were averaged at each wavelength. Laser
induced fluorescence (LIF) and dispersed fluorescence (DF)
measurements were carried out in a separate chamber opti-
mized for fluorescence, equipped with an identical heated
supersonic molecular beam source.
To support our experimental findings, electronic struc-
ture calculations were performed using density functional the-
ory (DFT) in the Gaussian 09 software package.19 In earlier
studies,11,20 it has been found that accurate ground state ener-
gies of pi-stacked dimers could be obtained using a simple
PBE0 density functional21,22 augmented with the D3 version
of Grimme’s dispersion term,23 at a fraction of the cost of more
sophisticated methods. However, an accurate description of
the cation radical state is often a challenge for DFT methods
due to the self-interaction error.24 In our earlier study of the
fluorene dimer,25 we have shown that the CAM-B3LYP-D3
method provides a balanced description of the experimen-
tal binding energies at neutral, excited, and cation radical
states,25 while a calibrated26–28 B1LYP29 functional with 40%
of Hartree Fock exchange (B1LYP-40) showed the best per-
formance in reproducing binding energies of the cation radical
state. Thus, all calculations of (F1)2 were performed using the
PBE0-D3, CAM-B3LYP-D3, and B1LYP-40 methods with a
cc-pVDZ basis set.30,31 Binding energies of (F1)2 were cor-
rected for zero point energies and basis set superposition error
using the counterpoise method. To probe the potential energy
surfaces (PESs) of (F1)3 and (F1)4 clusters, we performed
molecular dynamics simulations with subsequent geometry
optimizations using DFT; see the supplementary material for
details.
III. RESULTS AND DISCUSSION
To investigate the role of pi-stacking on CRS, we initially
consider the binding energies of the F1 van der Waals dimer,
(F1)2, contrasted with recent measurements for the fluorene
dimer, (F)2,25 which ispi-stacked in ground, excited, and cation
radical states. Prior hole-burning studies of (F1)2 suggest the
presence of a single conformer, as noted above;15 this is sup-
ported by new dispersed fluorescence (DF) spectra (Fig. S3
of the supplementary material) which show that excitation of
the prominent features above the putative S1 origin gives rise
to pronounced torsional activity in the DF spectra, suggesting
that these transitions are associated with torsional excitation
in the excited state.
Figure 1 displays relevant thermochemical cycles linking
energy ladders of the F1 monomer and dimer,32 with values
derived from experimental R2PI measurements. We deter-
mined the binding energy in the ground (S0) state using the
2CAP method,25,32,33 illustrated in Fig. 2(a). Here the ioniz-
ing photon is scanned above the dimer ionization potential,
and the dimer breakdown energy is measured by monitoring
fragmentation into the monomer mass channel. As shown,
this energy equals the sum of the adiabatic monomer IP
and ground S0 state dimer binding energy. It is important to
emphasize that the 2CAP method, which has been previously
used to derive binding energies for a range of non-covalent
clusters,32 provides only an upper limit to the true binding
energy.25,32,33
Considering further the thermochemical cycle shown in
Fig. 1, we emphasize that the determination of the ground state
binding energy relies on the determination of the adiabatic
ionization energy (AIE) of the monomer, for which ion yield
(IY) spectra should provide a reliable estimate. Thus, while
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FIG. 1. Thermochemical cycle for determining binding energies in the S0, S1, and D0 states of the F1 dimer. The values in each ladder have been determined
from resonant two-photon ionization measurements, as described originally in Ref. 14.
still an upper limit, the 2CAP value of the ground state binding
energy can be expected to closely approximate the true value.
Then, application of the thermochemical cycle to determine
the binding energy in S1 relies on the ability to determine
the true electronic origins of the monomer and dimer, which
here are determined to spectroscopic accuracy and their values
thus not in doubt. Finally, determination of the binding energy
in D0 (i.e., for the cation radical) relies on determination of
AIE of the dimer, for which there is more potential ambiguity,
due to the possibility of larger changes in geometry. However,
here the IY curve of the dimer (Fig. 1) also displays a sharp
threshold, suggesting that in this system the 2CAP method
should provide upper limits that are close to the true values.
An expanded view of the ion yield onset for monomer and
dimer is shown in Fig. S4 in the supplementary material.
The measured 2CAP profile of (F1)2 is shown in Fig. 2(b),
with the energy axis defined relative to the ionization potential
of the monomer. A clear onset is observed, with analysis yield-
ing an upper limit to the S0 binding energy (BE) of 0.457(70)
eV. Somewhat surprisingly, the derived upper limit of the BE
is larger than that of the fluorene dimer, evidencing the similar
strength of pi-pi and C–H/pi forces.
Using the thermochemical cycles displayed in Fig. 1, we
can readily estimate upper limits to the binding energies of
(F1)2 in the S1 and D0 states, which are given in Table I.
As expected, the upper limit to the binding energy in the S1
state is similar to that in S0, as the origin-dominated spectrum
evidences little geometry change in the vertical excitation.
However, the binding energy in D0 is increased by some 50%.
Again, given the sharp onsets in the ion yield curves, Fig. S4,
we expect that these upper limits are in fact close to the true
values.
Theoretical predictions for the (F1)2 binding energies
are provided in Table I. In our benchmark study of (F)2,25
FIG. 2. (a) Schematic of the two-color
appearance potential (2CAP) method.
(b) 2CAP measurement of the F1
dimer, with energy given relative to the
monomer AIE. The intersection of the
two lines (circled) marks the binding
energy.
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TABLE I. Experimental and computed binding energies for the F1 dimer, (F1)2. All DFT binding energies were
corrected for zero-point energy and basis set superposition error using the counterpoise method.
Binding energy (kJ/mol)
Method Structurea S0 S1 D0
Experiment (2CAP)b <44.1± 6.8 <44.7± 6.8 <66.1± 6.9
CAM-B3LYP-D3/cc-pVDZ A 35.1 41.8 56.9
B 29.5 37.3 54.5
C 25.2 43.0 72.9
B1LYP40-D3/cc-pVDZc A 27.3 35.3 55.9
B 23.3 31.6 51.3
C 18.0 36.2 68.4
PBE0-D3/cc-pVDZ A 39.4 58.9 79.0
B 32.5 54.9 72.0
C 29.9 65.8 93.6
aA = tilted, B = one is flipped, C = displaced sandwich. See Scheme 1 and Ref. 14 for details.
bUpper limits, one standard error in parentheses.
cDispersion parameters from CAM-B3LYP-D3 method were employed.
we showed that the CAM-B3LYP-D3 method best repro-
duced the experimental binding energy upper limits across
ground (S0), excited (S1), and cation radical (D0) states, while
the benchmarked B1LYP40–D3 method provided an accu-
rate description of the cation radical state. By contrast, the
PBE0-D3 method well reproduced the binding in S0, but
severely overestimated the binding in excited and cation radi-
cal states. Table I gives predicted binding energies using these
three methods for three different (F1)2 structures identified
earlier, which are reproduced in Scheme 1.15 The measured
ground (S0) state binding energy (upper limit) is most con-
sistent with the values calculated using CAM-B3LYP-D3 or
PBE0-D3 for the global minimum structure A, which is not
pi-stacked. By contrast, the CAM-B3LYP-D3 and B1LYP40–
D3 calculations indicate that the derived binding energy (upper
limit) of the cation radical state is most consistent with dis-
placed pi-stacked structure C (Scheme 1). This discussion,
of course, assumes that the derived experimental upper lim-
its are in fact close to the true values, a point elaborated
above.
It is known that the fluorene dimer, upon excitation,
rapidly rearranges from the ground state parallel orthogonal
structure to a sandwich-likepi-stacked excimeric structure, and
ionization occurs then from the excimer well. Similarly, (F1)2
may eventually rearrange to the frustrated excimer structure C
upon electronic excitation (or ionization), as our experimental
D0 binding energy is consistent with that of structure C. Strik-
ingly, calculations predict that the additional stabilization of
SCHEME 1. Relevant structures of (F1)2. See Ref. 14 for details.
the displaced, pi-stacked structure C relative to structures A
and B in the S1 state is quite minimal, reflecting the steric hin-
drance imposed by 9,9′ methyl substitution, which prevents
formation of a true sandwich like geometry needed for efficient
excimer stabilization.15 However, the differential stabilization
of pi-stacked structure C is pronounced in the D0 state, consis-
tent with our prior findings of a relaxed geometrical constraint
for efficient charge resonance stabilization.
To further probe CRS in this system, Fig. 3 displays
excitation spectra (a), ion yield spectra (b), and ioniza-
tion potentials (c), plotted vs. 1/n, for (F1)n clusters with
n = 1-4, obtained using two-color resonant two-photon ion-
ization spectroscopy (2CR2PI) methods. Comparing the exci-
tation spectra to those of fluorene clusters,13 the smaller clus-
ters display sharper structures and smaller red-shifts from
the monomer origin. With increasing size, the spectra con-
tinue to red-shift and fill in, exhibiting for (F1)4 and higher
clusters a very broad and congested profile, shown in R2PI
spectra of clusters with n = 4-7, Fig. S5 in the supplemen-
tary material. This likely evidences the presence of multiple
conformers with similar energies. To examine the structural
evolution with size, we carried out a computational analysis
of the PES of the trimer (F1)3 and tetramer (F1)4. In this
analysis, molecular dynamics simulations followed by sub-
sequent geometry optimizations using DFT showed that the
relative energies of eight representative (F1)3 structures lie in
the 0–30 kJ/mol range. Interestingly, the single (displaced)
pi-stacked conformation displays the largest energy among
all conformations, yet its ionization potential is the lowest,
consistent with our previous data on fluorene clusters (F)n.13
The clusters of (F1)4 shown in Fig. S6 in the supplementary
material can be taken as representative examples of the struc-
tures of higher order clusters, given the similarity in R2PI
spectra for clusters with n ≥ 4 (Fig. S4). In contrast to the
possible structures of fluorene clusters (F)n, which could be
classified into three categories (pi-stacked, C–H/pi-stabilized,
or hybrid), the (F1)3 and (F1)4 structures mainly display
hybrid configurations stabilized by both pi-stacking and
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FIG. 3. (a) 2-color Resonant 2-photon
Ionization (2CR2PI) spectra of van der
Waals clusters of F1. (b) Ion yield spec-
tra. (c) Ionization potentials, plotted vs.
1/n.
C–H/pi interactions (see Figs. S5 and S6 in the supplementary
material).
The ionization thresholds, Fig. 3(b), of the smaller (F1)n
clusters display a trend of red-shift relative to the monomer,
with the relative magnitude of the red-shift from one cluster
to the next decreasing with increasing cluster size, Fig. 3(c).
Excluding the monomer, the trend with cluster size indeed
follows an approximate 1/n dependence, as also observed for
fluorene van der Waals clusters (F)n and the covalent Fn series.
Indeed, as discussed above, the values for (F)n and the covalent
Fn series fall on the same line, of slope 0.96 and intercept 7.06.
Calculations reproduce this trend only for displaced pi-stacked
van der Waals clusters, as non-pi-stacked structures display
uniformly higher IPs.13 In this vein, we note that values of
(F1)n fall of a line of smaller slope (0.81) and larger intercept
(7.17), Fig. 3(c), evidencing reduced CRS in the (F1)n series.
This is consistent with the dimer binding energy measurement
discussed above.
These results, together with prior studies of fluorene van
der Waals, (F)n, and covalently linked, Fn, clusters, paint
a consistent picture of excimer formation and charge reso-
nance stabilization in multichromophoric pi-stacked assem-
blies. Excimer formation, absent in the (F1)n series but domi-
nant for (F)n and Fn, requires a perfect sandwich-like geom-
etry for optimal electronic communication and orbital over-
lap. We have previously shown that the diminishing ener-
getic gain from delocalization, which quickly saturates beyond
two units in larger Fn, leads to a localization of the exci-
ton to a dimer subunit for all n.34 On the other hand, charge
resonance stabilization shows more extended delocalization,
following a 1/n trend. The similarity in hole delocaliza-
tion for displaced stacked van der Waals, (F)n, and cova-
lently linked, Fn, clusters reflects the relaxed geometrical
requirements for CRS in these assemblies. Simply stated,
CRS does not require perfect sandwich like geometries yet
is favored by pi-stacked arrangements, and steric restrictions
such as those found in the (F1)n series further diminish its
efficacy.
IV. CONCLUSIONS
In this work, we have examined the gas-phase spec-
troscopy and dynamics of van der Waals clusters of 9,9′-
dimethylfluorene (F1) to assess the influence of sterically
influenced facial encumbrance on the dynamics of excimer for-
mation and charge resonance stabilization (CRS). This work
has utilized a combination of theory and experiments that
include laser-induced fluorescence (LIF), mass-selected two-
color resonant two-photon ionization spectroscopy (2CR2PI),
and two-color appearance potential (2CAP) measurements.
We use the latter to derive the binding energy of (F1)2 in
ground, excited, and cation radical states. The experimental
ground state binding energy is in agreement with calcula-
tions for the global minimum energy structure, a tilted non-
pi-stacked structure—surprisingly, this dimer is slightly more
strongly bound than the pi-stacked fluorene dimer, reflecting
the similar strength of pi-pi and C–H/pi interactions.
In contrast to fluorene van der Waals, (F)n, and covalently
linked, Fn, clusters, no excimer emission is observed in the
(F1)n series. This is consistent with our prior finding that
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excimer formation requires a perfect sandwich-like geome-
try of two aromatic chromophores. In contrast to the possible
structures of fluorene clusters (F)n, which can be classified
into three categories (pi-stacked, C–H/pi-stabilized or hybrid),
our calculations show that the (F1)n structures mainly display
hybrid configurations stabilized by bothpi-stacking and C–H/pi
interactions. Interestingly, charge resonance stabilization fol-
lows a 1/n trend for all three assemblies, although we find that
CRS is favored by pi-stacked arrangements, with the efficiency
of CRS is diminished in the (F1)n series.
SUPPLEMENTARY MATERIAL
See supplementary material for seven figures of additional
experimental and computational data.
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